INTRODUCTION
Milk fat is an important source of energy and nutrients, as well as a supplement source of the essential fatty acids for infant. The main component of milk fat is triacylglycerol TAG , which consists of one glycerol molecule and three fatty acid molecules 1 . TAG has three binding positions, called the sn-1 α , sn-2 β , and sn-3 α positions, when the structure is drawn as its Fischer projection 2 . Therefore, three kinds of isomers, called the TAG molecular species, TAG positional isomer, and TAG enantiomer, must be considered when a TAG contains three different fatty acids, e.g., fatty acids X, Y, and Z. For example, the TAG only taking into account the combination of three kinds of fatty acids is named the TAG molecular species, indicated as XYZ. In the case of binding positions, the α primary alcohol group of the glycerol backbone and β secondary alcohol group of the glycerol backbone are distinguished, providing the TAGs β-XYZ, β-XZY, and β-YXZ the β prefix isomers. Human milk fat characteristically contains arachidonic acid ARA , docosahexaenoic acid DHA, D , and short to medium-chain fatty acids 3 . ARA and D play an important role in the development of brain function 4 . It is known that the endogenous synthesis of ARA and D, from linoleic acid and α-linolenic acid, respectively, is not sufficient in infants 5 . Therefore, dietary ARA and D are necessary for neonates and infants, and contributed the development of brain function. Moreover, short and medium-chain fatty acids play important roles as energy sources in infants. Long-chain fatty acids are transported from the small intestine to the liver, muscles, adipose tissues, etc., via lymph ducts and veins after digestion, and are transformed into acyl-CoA by β-oxidation in mitochondria or accumulate in cells 6, 7 . In contrast, short and medium-chain fatty acids are transported from the small intestine to the liver via the portal vein and are quickly changed into acyl-CoA by β-oxidation in cell mitochondria, as they do not need carnitine to transport them through the inner mitochondrial membrane 8, 9 . The milk fat TAG has a characteristic structure, in which short and medium-chain fatty acids mainly bind at the sn-3 α position in TAG 10 . Lingual lipase, found in the oral cavity of infants, characteristically hydrolyzes fatty acids bound at the sn-3 α position in TAG twice as fast as those at the sn-1 α position, to obtain free short and medium-chain fatty acids 11, 12 . These fatty acids are then readily absorbed into the oral mucosa and transformed to acyl-CoA in cells. Furthermore, it is also known that TAG in human milk mainly binds palmitic acid P at the sn-2 β position 13 . P is a very important fatty acid for infant growth. Milk contains a large amount of calcium ions; therefore, the reaction of calcium ions and free fatty acids, formed from lipase hydrolysis of the fatty acid bound at the α-position, occurs in the small intestine to form the calcium soap of the fatty acid 14 . The calcium soap of fatty acid is not readily absorbed into the small intestinal epithelial cells. Consequently, the binding position of P in TAG is very important for human infant. This means that the fatty acid species and their binding position in TAG, i.e., the TAG structure, in milk fat affect the nutritional values of milk through the availability of calcium and fatty acid. It is well known that the fat content and the fatty acid compositions in milk vary throughout the lactation period 15 . Furthermore, it has been reported that the distribution of TAG molecular species also changes according to the lactation period 16 . However, previous studies have not analyzed the changes in TAG isomers. The fatty acid composition in human milk is also affected by dietary habits. For example, the D content in breast milk of Japanese women was higher than those of American and European women, because more fish is eaten in Japan than in America and Europe 3, 17 . The amount of carbohydrate intake has also been reported to affect the medium-chain fatty acids in human milk 3, 18 . Furthermore, it has been indicated that the fatty acid composition of human milk reflects the fatty acid composition of food consumed eight hours earlier 19 . The use of animals and a controlled diet are required for the analysis of essential changes in TAG characteristics in milk fat according to the lactation period. Consequently, rat milk was employed in order to observe the changes in TAG characteristics because rats have a short lactation period and rat milk fat contains mediumchain fatty acids and D. Furthermore, their food quality is easily controlled. In this study, the change in the actual amount of TAG positional isomers in rat milk fat during the lactation period was examined.
MATERIALS AND METHODS

Chemicals
The TAG-positional isomers shown in Table 1 and triundecane C 11 C 11 C 11 were obtained from Tsukishima Foods Industry Co., Ltd. Tokyo, Japan . Rat milk was obtained from Morinaga Milk Industry Co., Ltd. Tokyo, Japan . Sodium chloride and anhydrous sodium sulfate were purchased from Wako Pure Chemical Industries, Ltd. Osaka, Japan . All solvents were purchased from Kokusan Chemical Co., Ltd. Tokyo, Japan .
Rat milk
The rat milk samples were collected from 12-week-old primiparous F344/N rats purchased from Japan SLC Inc.
Shizuoka, Japan at 2, 9 and 16 days after childbirth. The procedure to obtain rat milk samples were the same as in our previous study 20 . Briefly, the mother rats were separated from their neonatal rats and were subcutaneously injected with 2 I.U. of oxytocin. The mother rats were anesthetized with sevoflurane Mylan Inc., Canonsburg, PA , and rat milk samples were obtained. All rats were fed an AIN-93G diet obtained from Oriental Yeast Co., Ltd. Tokyo, Table 1 Structures of TAG-PIs used in this study.
Japan and allowed free access to feed and water.
Preparation of milk fat samples
Rat milk in a centrifuge tube was weighed and 100 μg of C 11 C 11 C 11 was added as an internal standard to each sample. The rat milk was diluted nine-fold with 1 sodium chloride solution. The diluted milk was then diluted twenty-fold with a mixture of chloroform and methanol 2/1, v/v . This solution was mixed vigorously with a vortex mixer, and centrifuged at 1,000 g for 5 min. The bottom layer was collected. This process was repeated three times. The collected bottom layer was dried with anhydrous sodium sulfate, filtered, and the solvent was removed by rotary evaporation under vacuum. The dried milk fat was weighed and diluted with 2-propanol.
Analyses of TAG POSITIONAL ISOMERs
The diluted TAG sample was injected into a recycle HPLC-UV-atmospheric pressure chemical ionization APCI -MS/MS system composed of a recycle pump PU712R, GL Sciences Inc., Tokyo, Japan , an autosampler GL-7420, GL Sciences Inc. , a column oven CO705C, GL Sciences Inc. , a UV-visible detector UV702, GL Sciences Inc. , and two automatic valves VALVEUNIT401, FLOM Co., Ltd., Tokyo, Japan that made the analytes pass through the same column repeatedly, cutting the dead volume of the auto sampler during a recycle run. Operational software EZChrom Elite, Agilent Technologies, Inc., Santa Clara, CA was used to control the recycle HPLC system. An APCI-MS/MS Quattro micro API, Waters Corporation, Milford, MA and its operational software Mass Lynx Ver.4.1, Waters Corporation were used for detection, in combination with the recycle HPLC system. Tandem-jointed non-endcapped polymeric ODS columns Inertsil ODS-P, 250 4.6 mm i.d.: 5 μm, GL Sciences Inc. were used to resolve 1,2 or 2,3 -dioleoyl-3 or 1 -palmitoyl-sn-glycerol β-OOP and 1,3-dioleoyl-2-palmitoyl-sn-glycerol β-OPO . An acetonitrile/2-propanol/hexane 3/2/1, v/v mixture was employed as the mobile phase at a flow rate of 1.0 mL/min and a column temperature of 10 . Multiple reaction monitoring MRM mode was used, and the ammonium ion adduct OOP NH 4 at m/z 877 and the OOP-RCO 2 ion at m/z 578 PO were chosen as parent and daughter ions, respectively. The cone voltage and collision energy were 20 and 26 eV, respectively. An HPLC system Alliance e2695, Waters Corporation and C28 column octacosyl silylation column; Sunrise C28, 4.6 mm i.d. 250 mm 5 μm, ChromaNik Technologies Inc., Osaka, Japan were used for the separation of other types of TAG positional isomer pairs, such as 1,2 or 2,3 -dipalmitoyl-3 or 1 -capryl-snglycerol β-PPC and 1,3-dipalmitoyl-2-capryl-sn-glycerol β-PCP , 1,2 or 2,3 -dipalmitoyl-3 or 1 -docosahexaenoyl-sn-glycerol β-PPD and 1,3-dipalmitoyl-2-docosahexaenoyl-sn-glycerol β-PDP , and 1,2 or 2,3 -dipalmitoyl-3 or 1 -oleoyl-sn-glycerol β-PPO and 1,3-dipalmitoyl-2-oleoylsn-glycerol β-POP . Acetone was employed as the mobile phase at a flow rate of 1.0 mL/min and a column temperature of 15 . MRM mode was used, and the protonated molecule M H , at m/z 724 for PCP, 834 for POP, and 880 for PDP, and the M RCO 2 ion, at m/z 468 PC for PCP, 578 PO for POP, and 552 PP for PDP, were selected as parent and daughter ions, respectively. The sample oven was set at 35 to avoid deposition of the samples.
Preparation of calibration curves for respective TAG
POSITIONAL ISOMERs Equal masses of a TAG positional isomer pair e.g., β-PPC and β-PCP were mixed and dissolved in 2-propanol. The standard solutions were adjusted to 1, 50, 100, 200, and 400 μg/mL, and C 11 C 11 C 11 was added as an internal standard to each standard solution at a concentration of 10 μg/mL. A 20 μL aliquot of each standard solution was injected into the HPLC-UV-APCI-MS/MS system. Calibration curves for each TAG positional isomer were prepared by plotting the concentration on the x-axis and the chromatogram peak area on the y-axis. The limits of detection LOD and quantification LOQ of this method were calculated using the signal/noise ratio s/n . The LOD and LOQ were defined as s/n 3 and 10, respectively 21 .
RESULTS AND DISCUSSION
We have previously reported the ratios of TAG positional isomer pairs e.g., β-OOP and β-OPO in several kinds of milk fat 20 ; however, their absolute amount in milk fat was not quantified and a comparison of the absolute amounts of different types of TAG positional isomer was not conducted. In this study, AAB-type TAG positional isomers, binding characteristic fatty acids, such as medium-chain fatty acids C and D, and dominant AAB-type TAG molecular species, consisting of P and O, were selected as target TAGs in milk fat in order to quantify the absolute amount of TAG positional isomers using an internal standard. The resolution of the respective TAG positional isomer pairs standard compounds and representative MRM chromatograms for TAG positional isomers in rat milk fat at 2, 9, and 16 days after birth are shown in Fig. 1-4 . All TAG positional isomer pairs were separated, but the resolution of β-OOP and β-OPO required four recycle runs, while other TAG positional isomer pairs were separated in one run. The LOD and LOQ were calculated as s/n 3 and 10, respectively. From the results, the LOD was 34 ng and LOQ was 112 ng. Equations for the calibration curves of respective TAG positional isomers are summarized in Table 2 . The amounts of respective TAG positional isomers in rat milk fat were calculated using the calibration curves and peak areas in the MRM chromatogram Table 3 . TAGs consisting of two Os and one P were the most abundant in rat milk. We previously reported that TAGs consisting of two Os and one P in milk fat of ruminants, such as buffalo, goats, and sheep, were mainly β-OOP β-OOP/β-OPO 1/1 in cows . However, in human and rat milk, β-OPO was the most prominent. The result obtained in this study was consistent with our previous study. The binding position of P at the β-position in TAG is probably significant in non-ruminants for infant. As discussed in the introduction, having P in the β-position in TAG makes less calcium soap of fatty acids in the intestine. Furthermore, we recently reported that P at the β-position in TAG was catabolized for a longer period than P at the α-position, found in ddY mice 22 . This might be a reason that rat milk mainly contains P bound at the β-position in TAG. These facts demonstrated that both P and O play an important role in infant nutrition, and that the combination of two Os and one P in TAG, and the binding of P at the β-position β-OPO , are extremely important. In contrast, another TAG also consisting of P and O, namely β-POP, was little in rat milk fat and not quantified in this analytical system further supporting the singular importance of β-OPO Table 3 . As shown in Table 3 , the β-OPO content in rat milk de- creased drastically as time passed, while the β-PPC content gradually increased. After 16 days, their contents were fairly similar β-OPO: 92.83 mg/g fat, β-PPC: 70.98 mg/g fat . Medium-chain fatty acids are mainly synthesized in the mammary gland and gradually increased from colostrum to mature milk 15 . Moreover, medium-chain fatty acids in the rat milk may be essential for healthy growth of pups 23 . As mentioned above, the binding of medium-chain fatty acids at the α-position in TAG has merit for digestion. In this study, rat milk was sampled up to 16 days after birth. It has been reported that 8.6 human days are equivalent to one rat day for infants 24 . Accordingly, milk obtained 16 days after birth for a rat infant corresponds with milk obtained 138 days approx. 4.5 months after birth for a human infant. Taking into account this length of time, it is natural that the amounts of various TAG positional isomers in milk change gradually over time, because the nutrients thought to be suitable for infants immediately after birth are thought to be quite different to those required 4.5 months later. The suitable fatty acid energy sources for rats might change from P to a medium-chain fatty acid after 16 days due to developments in their digestion and absorption. In contrast, contents of TAGs containing two Ps and one D decreased as the days passed. The role of D is different from that of P and C, as it is an indispensable in the construction of the brain and nervous system. According to the results obtained, the development of the brain and nervous system is most important in newborn infants, because the amount of TAGs binding D decreased accordingly with time. However, it might be difficult to apply these results directly to human infants because the timing of maximal D incorporation into brain development differs between animal species. Incidentally, the binding position of D did not seem to be controlled like other fatty acids, because the ratio of D found in the β-PPD and β-PDP TAG forms was almost 1:1 at 2, 9, and 16 days after birth.
CONCLUSIONS
The combination of TAGs present in rat milk fat depends on the stage of infant growth, in order to meet their nutritional requirements. The combination and binding positions of fatty acids in TAGs are considered very important for infant. TAGs are mainly synthesized via the glycerol-3-phosphate pathway, and the respective positions, namely sn-1, sn-2, and sn-3, are strictly distinguished from one another during biosynthesis. Consequently, the analysis of TAG enantiomers is important for understanding the TAGs present in milk fat. We now plan to analyze the TAG enantiomers in milk, and confirm the changes in TAG isomers in human milk fat.
The authors have declared no conflicts of interest.
